, and spray boom height (0.3, 0.5, and 0.75 m ) 
from the general public as well as the scientific community. Drift of pesticides caused by spraying has been recognized as a major problem for the environment.
Spray drift is affected by weather conditions (Gilbert and Bell, 1988; Craig et al., 1998) , the physical properties of the spray solution (Bode et al., 1976; Buttler Ellis and Bradley, 2002; Klein and Johnson, 2002) , and the spray application itself. Different spray application factors have already been evaluated, including spray boom height (Teske and Thistle, 1999; De Jong et al., 2000) , air support (van de Zande et al., 2000a) , shielded sprayer booms (Wolf et al., 1993; Cenkowski et al., 1994; Sidahmed et al., 2004) , nozzle type and pressure (Heijne et al., 2002; Klein and Johnson, 2002) , and driving speed (Miller and Smith, 1997; Ghosh and Hunt, 1998) . Although some field drift data for horizontal boom sprayers (Ganzelmeier and Rautmann, 2000; van de Zande et al., 2000b; Hewitt and Wolf., 2004) and for aerial sprayings (Bird et al., 1996; Teske et al., 2002) have been published, there is still a need for accurate, detailed field drift measurements to enlarge the international drift database. Moreover, additional information is necessary about the effect of climatological conditions on the amount of spray drift in order to compare measurements made with different spraying techniques to a reference spray under different weather conditions.
In this article, the amount of near-field spray drift reduction for different spray application techniques is compared to a reference spray, taking into account the variation in meteorological conditions between the different experiments based on 92 field drift experiments. These measurements were carried out from the end of August to the S beginning of September 2004 , in May 2005 , and from the end of March to the beginning of April 2006 (21 measuring days), according to ISO 22866 (ISO, 2006) . The effect of nozzle type and size, driving speed, boom height, and spray pressure is investigated. Moreover, the results are also used to validate a computational fluid dynamics (CFD) drift-prediction model for field crop sprayers .
MATERIALS AND METHODS

SPRAY LIQUID
For the assessment of drift, the fluorescent tracer Brilliant Sulfo Flavine (BSF) was used at a concentration of 3 g L -1 . This tracer is highly water-soluble, has a low toxicity, and has already been used successfully in other deposit measurements (Bode et al., 1976; van de Zande et al., 2000a van de Zande et al., , 2000b Heijne et al., 2002) . Moreover, it offers high sensitivity with a very low limit of detection (0.0005 to 0.005Ăμg cm -2 ). This tracer was selected after a series of recovery, stability, and wind tunnel experiments with other possible tracers such as minerals, a salt, and a fungicide (Brusselman et al., 2004) . These experiments indicated that it is important to take into account the photodegradation of BSF in field experiments. With the addition of a watersoluble surfactant (i.e., Tween 20) at a volumetric concentration of 0.1%, the spray liquid has properties representative of liquids typically used in the application of plant protection products, such as a surface tension of 47.9 ±0.6 mN m -1 , a liquid density of 1.01 ±0.02 kg L -1 , and a relative extensional viscosity of 1.01 ±0.01.
SPRAY DRIFT COLLECTORS
Measurements of drift relate either to the deposition onto horizontal surfaces outside the treated area or to airborne spray profiles that can be characterized at given downwind distances from the treatment area. Deposition onto horizontal surfaces is relevant for the assessment of the risk of contamination of surface waters, whereas the measurement of airborne profiles is relevant to risk assessment relating to inhalation effects and to the direct contamination risk of vegetative structures at field boundaries (Miller et al., 1989; Taylor and Andersen, 1991) .
Ground deposition was measured on horizontal collection surfaces placed at ground level with Machery-Nachel filter paper (type 751, 0.25 × 0.25 m, Filter Service N.V., Eupen, Belgium). Filter paper was selected after a series of experiments based on retention and recovery characteristics (Brusselman et al., 2004) . The recovery of BSF on filter paper using water is relatively high and constant, provided that the liquid solution including the filter paper is intensively shaken for a period of about 20 min.
Before each treatment, the spray solution was thoroughly mixed and a tank sample of the spray solution was taken immediately before application to measure the actual fluorescent concentration. The potential tracer degradation and the recovery were estimated for each trial using three filter paper collectors loaded with a measured volume of the tracer solution with a known concentration originating from the tank sample. These collectors were positioned at a safe distance upwind of the directly sprayed zone, to avoid crosscontamination by spraying, and were exposed for the same period of time as the deposition samples. By measuring the amount of tracer recovered after the drift experiment, a factor accounting for photodegradation and recovery could be estimated. This factor was used to correct the initial drift values. After each drift experiment, the collectors were stored as quickly as possible (less than 10 min) in UV-light resistant jars filled with 700 mL of water to solubilize the tracer. This happened in a way that cross-contamination was minimized.
DETERMINATION OF DRIFT DEPOSITS
Deposits of the spray tracer were extracted from the samples by wash-off in 700 mL of water immediately after the drift experiment. After 20 min of intensive shaking, the concentration of the tracer was measured in a Cary Eclipse fluorimeter at an excitation wavelength of 441.96 nm and an emission wavelength of 497.01 nm. Fluorimeter measurements were carried out less than 2 h after the experiment. The reading of the fluorimeter is related to the amount of tracer in solution through a calibration curve. The calibration factor F cal (mg L -1 ) determines the relationship between the fluorimeter reading (-) and the tracer concentration (mg L -1 ). From the reading of the fluorimeter, the calibration factor, the collector surface area, the spray concentration, and the volume of dilution liquid, the amount of spray deposit per unit area can be calculated. From this spray drift deposition figure, the percentage of spray drift on a collector can be calculated relating spray drift deposition to the amount applied in the field on the same unit of area. Hence, drift deposition was calculated as a percentage of the deposition on the sprayed area. The following formulas were used:
where drift dep = spray drift deposit (mL cm -2 ) drift % = spray drift percentage (%) V app = spray volume (L ha -1 ) R smpl = fluorimeter reading of the sample (-) R blnk = fluorimeter reading of the blanks (collector + dilution water) (-)
= collection area of the spray drift collector (cm 2 ).
SPRAYER AND SPRAYER SETTINGS
The applications were done with a Hardi Commander Twin Force trailed field sprayer with a 27 m boom, a nozzle spacing of 0.50 m, twin air assistance, and a tank volume of 3200 L. Based on Belgian and international agricultural practice, the reference spray (RS) was defined as follows:
S Standard horizontal spray boom without air support. S Spray boom height of 0.50 m above the vegetative surface. S Distance between the nozzles of 0.50 m. S ISO 110 03 standard flat-fan nozzles at 3.0 bar (1.2 L min -1 ). S Driving speed of 8 km h -1 , resulting in an application rate of approximately 180 L ha -1 . The reference spray was used to obtain a database with drift values for different weather conditions, as described by Nuyttens et al. (2006a) . In total, 32 reference drift experiments (768 drift measurements) were carried out. From these measurements, 27 experiments (RS 1 to 27) were used to investigate the effect of meteorological conditions on the amount of spray drift. The other five reference sprayings (RS v 1 to 5) were used to validate the findings.
In addition to the reference sprays, other sprayings (OS) were performed for 16 different combinations (A to P) of nozzle type (standard flat-fan, low-drift, air inclusion) and size (ISO 02, 03, 04, and 06), spray pressure (2.0, 3.0, and 4.0Ăbar), driving speed (4, 6, 8, and 10 km h -1 ), and spray boom height (0.3, 0.5, and 0.75 m). Details about the spraying equipment settings for these other sprayings are given in tableĂ1.
Because the conditions during field measurement of spray drift are influenced by variables relating to the weather, crop conditions, and spray boom movements that cannot be fully controlled, it is not possible to replicate a given measurement. Therefore, each experiment was replicated at least three times, and the drift prediction equation was used as a reference. In total, 60 different other sprayings (1440Ădrift measurements) were carried out.
EXPERIMENT DESIGN
Experiments were conducted in a flat, mowed meadow with an average crop height of 10 cm. The trial site was in an exposed area with a minimum of obstructions to influence the airflow in the region of the measurement. Three spray lines and six measuring zones were marked in the field. The spray line and measurement zone chosen was dependent on the wind direction so that the driving direction was near perpendicular to the wind direction at application time. The directly sprayed zone was defined as the spray boom length plus half the average nozzle spacing at each end of the boom. Hence, an area with a length of 100 m and a width of 27.5 m was directly sprayed in a single pass.
Spray drift was determined by sampling in a defined downwind area. We were mainly interested in near-field drift, with drift measurements up to 20 m from the directly sprayed zone. Three sampling lines of horizontal drift collectors were positioned in the center of the spray swath with a distance of 10 m between them. For each sampling line, horizontal drift collectors were placed at 0.5, 1, 2, 3, 5, 10, 15, and 20 m downwind of the sprayed area. These collectors were positioned to correspond to the top of the canopy (10 cm) so as to remove filtration issues. In total, 24Ăhorizontal drift collectors, corresponding to a total horizontal sampling area of 1.5 m 2 , were used for each drift trial. The objective of this study was to measure and compare the amount of near-field spray drift reduction for different spray application techniques rather than carry out a total mass balance study. Airborne spray drift, long-distance sedimenting spray drift, and volatilization were not measured.
Since drift is expressed as a proportion of the application rate, it was important to make some direct assessment of target deposits as part of the drift measurement procedure by placing three filter paper collectors randomly in the directly sprayed zone. These collectors were used to verify the theoretically applied spray volume in the field. An overview of the experimental setup for the field measurements is shown in figure 1.
METEOROLOGICAL MEASUREMENTS
Meteorological parameters were monitored at a sampling rate of 0.33 Hz upwind of the sprayed area. In this way, measurements were not disturbed by the movement of the sprayer or the spray application. A weather station (Campbell Scientific, Inc., U.K.) supporting sensors at an upwind distance of approximately 20 m from the track was used to determine the average wind speed during the spray experiment (V), the instantaneous wind speed (v, accuracy ±2% or accuracy of ±0.1 m s -1 at a wind speed of 5.0 m s -1 ), and the wind direction (dir, accuracy ±3°) at the moment of sprayer passage, measured at heights of 1.50 m (V 1.50m , v 1.50m , and dir 1.50m ) and 3.25 m (V 3.25m , v 3.25m , and dir 3.25m ). Temperature (accuracy ±0.2°C) and relative humidity (accuracy ±2%) at heights of 1.25 m (T 1.25m and RH 1.25m ) and 2.15 m (T 2.15m and RH 2.15m ) were also measured. For these measurement, the weather station is equipped with a CR 1000 Micrologger measurement and control module, two WindSonic1 ultrasonic anemometers (Gill Instruments, Inc., U.K.) and two Rotronic MP100A temperature and relative humidity probes (Rotronic AG, Switzerland).
When measurement height was not mentioned, the average of the two heights was used. The mean wind direction was preferably at 90° to the spray track during the period of spraying. An average maximum deviation of the ideal driving direction (δ, °) of 40° to wind direction was allowed in these trials. Based on these measurements, the temperature gradient (ΔT, °C m -1 ), absolute humidity of the air (X H2O , g kg -1 ), turbulence intensity (T.I.), and dew-point temperature (T d ) were calculated for each experiment:
where v max , v min , and V avg are the maximum, minimum, and average wind speed, respectively, during the drift experiment.
RESULTS AND DISCUSSION
REFERENCE SPRAYING AND EFFECT OF METEOROLOGICAL CONDITIONS
Because of the obvious effect of weather conditions on the amount of spray drift (Combellack et al., 1996; Miller et al., 2000; Thistle, 2000; Tsay et al., 2002) , it is necessary to bring into account variations in atmospheric conditions when comparing measurements. A statistical drift prediction equation was developed based on reference experiments RSĂ1 to 27 for a wide range of atmospheric conditions, as presented in figure 2 . This resulted in the following nonlinear statistical drift prediction equation for the reference spraying with four independent, non-correlated variables: = absolute humidity expressed in grams of water vapor per unit mass of dry air (g kg -1 ). An R 2 of 0.84 was obtained using the average of the three sampling lines as the dependent variable. The addition of Boxplots show the 10th, 25th, 50th, 75th, and 90th percentiles of the data.
other meteorological parameters (e.g., ΔT, T.I., and T d ) did not improve the predictive power of this drift prediction equation. With this equation, it is possible to predict the amount of deposition at various distances and atmospheric conditions for the reference spray, as described by Nuyttens et al. (2006a) .
Absolute humidity as well as ambient temperature and wind speed have an important impact on the amount of spray drift. The lower the absolute humidity and the higher the temperature, the higher the amount of drift will be due to the effect of evaporation, which reduces droplet size. Different authors have discussed the importance of temperature and humidity in relation to pesticide drift (Goering and Butler, 1975; Bode et al., 1976; Smith et al., 1982) . As expected, higher wind speeds also result in higher amounts of spray drift, which has also been observed previously (Yates et al., 1967; Threadgill and Smith, 1975; Maybank et al., 1978; Combellack et al., 1996; Phillips and Miller, 1999) . Drift results of the other sprayings were compared with the reference spray by calculating their drift reduction potential (DRP, %). The DRP of these other sprayings was expressed as the percentage of drift reduction compared with the reference spray at a certain drift distance. These percentages were calculated by comparing the measured OS drift values (drift OS ) with the RS drift values (drift RS ) predicted by equation 5 for the same weather conditions using the following formula:
where DRP = drift reduction potential (%) drift OS = measured other spray drift value (%) drift RS = predicted reference spray drift value (%). By means of numerical integration, the total drift reduction potential (DRP t , %) of a specific spraying was calculated by comparing the surface under the measured drift curve of this spraying with the surface under the predicted drift curve of the reference spray, again for the same weather conditions. This variable expresses the total amount of drift reduction of a specific spraying compared with the reference spray. For the calculation of DRP and DRP t , average values of the three collector lines were used.
An overview of the range of the average temperature (T), the average wind speed at a height of 3.25 m, and the absolute humidity for the 60 other sprayings (OS) is given in figure 2 . In ten cases, the deviation of the ideal driving direction exceeded 40° to the average wind direction. These experiments were not analyzed further because the maximum acceptance angle was exceeded; however, for each type of experiment, at least three successful repetitions were carried out. Note that the ranges of the meteorological conditions for the reference sprays and the other sprays are similar. From this point, a temperature of 16°C in combination with an absolute humidity of 8 g kg -1 and a wind speed of 3 m s -1 are defined as standard meteorological conditions.
EFFECT OF NOZZLE TYPE AND SIZE
Drift reduction potential (DRP) for different nozzle types (standard flat-fan nozzles, low-drift flat-fan nozzles, and air inclusion nozzles) and sizes (ISO 02, 03, 04, and 06) at a pressure of 3.0 bar are presented for different collector distances in figure 2, and total drift reduction potentials (DRP t ) are listed in table 2. These results are based on experiments A to I (table 1). Note that collector distances are shorter than the actual drift distances because of variation in wind direction. Based on these DRP values and equation 5 of the reference spray, expected sedimenting drift curves for these nozzle types can be determined for any weather condition within the range of the drift equation. This is presented in figure 3 for standard weather conditions (X H2O ă= 8 g kg -1 , V 3.25m = 3 m s -1 , and T = 16°C).
It is clear that the nozzle type has an important influence on the amount of drift ( fig. 5 ). For example, for an ISO 02 nozzle size, DRP t is -136.5% for flat-fan nozzles, -3.6% for low-drift nozzles, and 67.2% for air injection nozzles (tableĂ2). A similar tendency was found for the 03 and 04 nozzle sizes. For the same ISO nozzle size and spray pressure, DRP and DRP t values are significantly higher for the air inclusion nozzles, followed by the low-drift nozzles and the standard flat-fan nozzles, but it is noticeable that the effect of nozzle type is most important for smaller nozzle sizes. For some nozzles (F 110 02, LD 110 02), DRP values vary depending on the drift distances ( fig. 4) . To quantify the overall amount of drift reduction, DRP t values were calculated.
In addition to the nozzle type, the size of the nozzle was also related to the drift reduction potential: in general, the bigger the nozzle, the lower the amount of drift. For example, for low-drift nozzles, DRP t values of -3.6%, 38.4%, and 54.9% were found for the 02, 03, and 04 nozzle sizes, respectively. A similar trend was found for the standard flatfan nozzles of sizes 02, 03, and 04, with DRP t values of Droplet characteristics (average ±standard deviation) of the different nozzle-pressure combinations (Nuyttens et al. 2006b ). D v0.5 , and D v0.9 = diameters below which smaller droplets constitute 10%, 50%, and 90%, respectively, of the total volume. [b] V 100 and V 200 = proportion of total volume of droplets smaller than 100 and 200 μm, respectively, in diameter.
Experiment
[c] NMD = number mean diameter.
-136.5%, 0%, and 33.9%, respectively (table 2). For the ISO 06 standard flat-fan nozzles (DRP t = 29.5%), there was only a significant difference with the ISO 02 and ISO 03 standard flat-fan nozzles, and no significant difference with the ISO 04 standard flat-fan nozzles with regard to DRP t values. For the air inclusion nozzles, the effect of nozzle size on DRP t values is less clear, but DRP t values are in each case very high (67.2% to 89.8%). These results are in accordance with results from Derksen et al. (1999 ), Miller (1999 , van de Zande et al. (2000b) , and Klein and Johnson (2002) .
EFFECT OF SPRAY PRESSURE
In figure 6a , DRP values for spray pressures of 2.0 and 4.0Ăbar with the F 110 03 reference nozzles are presented for different collector distances, as well as the DRP t values based on experiments J and K. In figure 6b, drift curves for three different spray pressures are presented for standard weather conditions based on DRP values (2.0 and 4.0 bar) and equation 5 (3.0 bar). These results indicate that lowering the pressure from 3.0 to 2.0 bar significantly decreased the amount of drift at all distances. A DRP t of 43.1% was found. In the case of raising the pressure from 3.0 to 4.0 bar, the total amount of spray drift increased (DRP t = -27.1) despite the fact that lower drift values were found for higher drift distances. Based on DRP values, predicted drift values are 2.26%, 3.34%, and 4.75% at a distance of 2 m for spraying pressures of 2.0, 3.0, and 4.0 bar, respectively, with ISO 03 standard flat-fan nozzles, a boom height of 0.50 m, and a driving speed of 8 km h -1 for standard weather conditions ( fig. 6b ).
RELATION BETWEEN DROPLET SIZE CHARACTERISTICS AND DRIFT REDUCTION POTENTIAL
Droplet size and droplet velocity characteristics of the different nozzle-pressure combinations investigated in this research (table 1) were measured using an Aerometrics phase Doppler particle analyzer (TSI, Inc., Minneapolis, Minn.). Measurement setup, protocol, and results were described in detail by Nuyttens et al. (2006b Nuyttens et al. ( , 2007 . In figure 7 . Other researchers also considered droplets smaller than 100 Byass and Lake, 1977) or 200 μm (Bouse et al., 1990) to be the most drift prone, but it is important to keep in mind that other spray characteristics, such as droplet velocity, the volume distribution pattern, and the entrained air characteristics, will also have a limited effect on the amount of spray drift (Miller and Smith, 1997) . Satow et al. (1993) , Bird et al. (1996) , and Carlsen et al. (2006) confirmed that within the spray equipment system, droplet size is one of the most influential factors related to drift. Figure 8a presents DRP values for different driving speeds (4, 6, and 10 km h -1 ) and collector distances as well as the DRP t values compared to a reference speed of 8 km h -1 based on experiments L, M, and N. Figure 8b represents the corresponding drift curves for standard weather conditions based on DRP values and the drift equation, with a logarithmic scale on the y-axis.
EFFECT OF DRIVING SPEED
By increasing the driving speed, the vertical air jet is bent and distorted. This leads to the smallest droplets escaping from the spray into the atmosphere downwind of the sprayer, resulting in a higher amount of spray drift (Ghosh and Hunt, 1998). This was confirmed by experiments with driving speeds of 4 km h -1 (DRP t = 35.3%) and 6 km h -1 (DRP t = 52.9%). For a speed of 4 km h -1 , DRP values are small for small distances compared to other distances and compared to DRP values at a speed of 6 km h -1 . This can probably be attributed to spray boom movements or to small deviations in spray line or boom height. The difference between a speed of 8 and 10 km h -1 (DRP t = 14.6%) is statistically nonsignificant due to a large variation in DRP values between the different repetitions at a speed of 10 km h -1 .
Relatively few studies have been carried out on the effect of forward speed on spray drift, although tractor and sprayer movement together with its induced air turbulence and boom movement will affect the air circulation. Miller and Smith (1997) measured an increase in spray drift in the field of approximately 51% for a forward speed increase from 4.0 to 8.0 km h -1 and a drift increase of 144% when the speed was further increased to 16.0 km h -1 . Their analysis showed no difference between sprayer speeds of 8 and 12 km h -1 . Taylor et al. (1989) measured the drift from boom sprayers at forward speeds of 4.0, 7.0, and 10 km h -1 and found an increase in airborne spray drift downwind of approximately 4% as speed increased from 4.0 to 7.0 km h -1 and a drift increase of 90% for a speed increase from 7.0 to 10.0 km h -1 . Figure 9a presents DRP values for boom heights of 0.30 and 0.75 m at different collector distances compared to a standard boom height of 0.50 m as well as the DRP t values based on experiments O and P. Figure 9b represents the corresponding predicted drift curves for standard weather conditions based on DRP values and the drift prediction equation (eq. 5).
EFFECT OF SPRAY BOOM HEIGHT
From these results, the effect of boom height on spray drift is very clear. Lowering the spray boom height from 0.50 m to 0.30 m significantly decreased the amount of spray drift (DRP t = 40.1%). Opposite results were found when the spray boom was raised to 0.75 m, resulting in a DRP t of -49.9%. For both cases, DRP values are almost constant for the different collector distances. Based on DRP values, predicted drift values are 0.38%, 0.62%, and 0.83% at a distance of 10Ăm for boom heights of 0.30, 0.50, and 0.75 m, respectively, with ISO 03 standard flat-fan nozzles, a spray pressure of 3.0 bar, and a driving speed of 8 km h -1 for standard weather conditions.
Other researchers also concluded that operating at a spray boom height as close as possible to the vegetation, without sacrificing the uniformity of the spray pattern, is a good way to reduce drift (Ozkan, 1998; Teske and Thistle, 1999; DeĂJong et al., 2000) .
CONCLUSIONS
A reliable and feasible spray drift measurement protocol for boom sprayers was formulated, and 92 drift experiments were successfully carried out under different weather conditions. Based on 27 reference sprays, a drift prediction equation was set up and validated to predict the expected magnitude of sedimenting drift for various drift distances and atmospheric conditions. These measurements proved the importance of weather conditions (temperature, humidity, and wind speed) on the amount of sedimenting spray drift.
Moreover, the drift reduction potential of 16 different spray application techniques was compared based on 60 drift experiments under field conditions. The drift prediction equation was used to compare these techniques with the reference spray, bringing into account the variation in weather conditions. Drift measurements were performed for several combinations of nozzle type (flat-fan, low-drift, air inclusion) and size (ISO 02, 03, 04, and 06), spray pressure (2.0, 3.0, and 4.0 bar), driving speed (4, 6, 8, and 10 km h -1 ), and spray boom height (0.3, 0.5, and 0.75 m).
Nozzle type, as well as spray pressure, driving speed, and spray boom height, had an important effect on the amount of spray drift. Larger nozzle sizes and lower spray pressures, driving speeds, and spray boom heights generally reduced spray drift. Air inclusion nozzles had the highest drift reduction potential, followed by low-drift nozzles and the standard flat-fan nozzles.
